biparous:A Novel bHLH Gene Expressed in Neuronal and Glial Precursors inDrosophila  by Bush, Andrew et al.
DEVELOPMENTAL BIOLOGY 180, 759±772 (1996)
ARTICLE NO. 0344
biparous: A Novel bHLH Gene Expressed in
Neuronal and Glial Precursors in Drosophila
Andrew Bush, Yasushi Hiromi, and Michael Cole
Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544
Genetic studies have uncovered many genes that are involved in the ®rst steps of neuronal development in Drosophila.
Less is known about the intermediate steps during which individual precursor cells follow either the neuronal pathway
or the glial pathway. We report the identi®cation of a novel bHLH gene, biparous, expressed in neuronal and glial precursors
in Drosophila. Unlike most bHLH genes, biparous expression continues to the ®nal stages of neurogenesis in the embryo.
Expression of biparous is not observed in end stage postmitotic neurons and precedes the expression of repo, a gene
activated in later stages of glial differentiation. The bHLH domain is suf®ciently different from previously described bHLH
domains to imply a novel function. q 1996 Academic Press, Inc.
INTRODUCTION sophila CNS is known in only a few cases. One case in-
volves the longitudinal glia, a set of dorsally located glia
All nervous systems are composed of at least two broad associated with the longitudinal connectives. The precur-
categories of cells, neurons and glia. In vertebrates, lineage
studies using retroviral vectors have demonstrated that neu-
rons and glia arise from subventricular progenitor cells (re-
viewed in Luskin, 1994). These progenitors are composed
of two classes, multipotential and restricted. The multipo-
tential cells give rise to both neurons and glia, whereas the
restricted progenitors give rise to either neurons or glia.
The relative abundance of the two classes of progenitors is
unknown. Even more unclear are the molecular mecha-
nisms involved in generating the different classes of progen-
itor cells and their progeny.
In Drosophila, progress has been made at the molecular
level in understanding how these two cell types are generated.
Before the decision to commit to the neuronal or glial path-
way, neuroectodermal precursor cells adopt either an epider-
mal or neural fate based on the action of the neurogenic and
proneural genes (Campos-Ortega, 1994; Goodman and Doe,
1993). The cells that choose the neural pathway differentiate
as neuroblasts, delaminate from the epithelium, and com-
mence the process of populating the central nervous system.
FIG. 1. Schematic representation of neuro/gliogenesis. Neurogli-These neuroblasts are stem cells in that when they divide,
oblasts (NGB) divide asymmetrically (®lled arrows), producing an-they regenerate and produce another neuroblast. The neuro-
other neuroglioblast and a ganglion mother cell (GMC). The gan-blast divides asymmetrically several times and, in some cases,
glion mother cell then divides to give two neurons (elav/ cells).all of the embryonic descendants of the neuroblast have been
Neuroglioblast progeny also include glia (repo/ cells), but it is
identi®ed (for review see Doe and Technau, 1993; and also unclear when and where they assume glial identity. The molecular
http://www.life.uiuc.edu/doelab/nbmap.html). The other mechanisms that determine whether the NGB produces one type
daughter cell from this division, a ganglion mother cell, di- of precursor or the other are unknown. The production of repo
vides once to produce two neurons. positive cells is dependent on the presence of gcm. For further
discussion see text.The precise origin of different subsets of glia in the Dro-
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FIG. 2. Nucleotide sequence and genomic structure of biparous. (A) Compiled sequence of biparous. The bHLH domain of biparous is
underlined, with the potential nuclear localization sequence double underlined. Proline and glutamine residues are in bold face to illustrate
the potential activation domain. Three mRNA instability motifs in the 3* untranslated region are also in bold face, followed by an
underlined polyadenylation signal motif. The region of homology to the NH motif is also underlined. (B) Genomic and primary structure
of biparous. 14 kb of the biparous genomic locus is shown. Numbers refer to approximate distances in kb. The coding region is based on
hybridization to the cDNA and restriction mapping. bHLH, basic helix± loop±helix region; P/Q rich, proline/glutamine rich region; NH
motif, Numb homology motif.
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FIG. 2ÐContinued
sors to the longitudinal glia are ®rst recognizable at stage its expression in progenitor cells that give rise to two types
of cells. biparous is expressed after precursor cells have pro-8, located laterally in the developing embryo (Jacobs et al.,
1989). These precursors generate solely glial progeny and gressed beyond the ectodermal vs neuronal decision but
before they differentiate into mature neurons or glia. Unlikethus are called glioblasts. Unlike the unipotential gli-
oblasts, lineage tracing studies have demonstrated that previously identi®ed neural bHLH genes in Drosophila, bip-
arous expression persists until very late stages of em-some neuroblasts produce both neurons and glia. Neuro-
blast 1-1, for example, gives rise to both the aCC and pCC bryogenesis. The bHLH domain is similar to proneural
genes but is also different enough to imply a novel function.neurons and to two or three glial cells (Udolph et al., 1993).
Therefore, at least in the case of Neuroblast 1-1, and proba-
bly with others, a neuroblast is actually a neuroglioblast,
producing both neuronal and glial progeny. The exact point MATERIALS AND METHODS
at which neuronal and glial pathways diverge within the
neuroblast lineage is unknown; that is, it is unclear when Isolation of Genomic and cDNA Clones
and where neuroglioblast progeny assume glial identity (Fig.
In order to identify new bHLH genes in Drosophila, PCR was1). In the grasshopper, lineage analysis has been more tracta-
performed using primers from the bHLH region of delilah (Armandble as a result of the larger size of its stem cells. For example,
et al., 1994) using Drosophila genomic DNA as template. Thesethe median neuroblast gives off neurons and glia in a precise
primers were fully degenerate and were based on the sequencetemporal pattern, with gliogenesis following the ®rst wave
KTANARE in the basic region and KLTKITT in helix two (Fig. 3A).of neurogenesis (Condron and Zinn, 1994).
The PCR reaction conditions were 947C 1 min., 457C 1 min., and
Although many mutations have been shown to affect glial 727C 1 min. Sequencing of this PCR product revealed a novel bHLH
development (Jacobs, 1992), the protein products of these domain, suggesting the presence of a new gene. The PCR product
genes have not been shown to be expressed exclusively in was labeled by random priming and used to screen a Drosophila
glia. This situation changed with the recent discovery of genomic library (Moses et al., 1989). Digestion of the genomic clone
with BamHI revealed an internal fragment that hybridized to thethe two genes reverse polarity (repo) and glial cells missing
PCR product. To obtain a cDNA clone, this 660-nucleotide BamHI(gcm) (Campbell et al., 1994; Halter et al., 1995; Xiong et al.,
fragment was used to screen a 9- to 12-hr embryonic Drosophila1994; Hosoya et al., 1995; Jones et al., 1995). repo encodes a
cDNA library, a generous gift from Kai Zinn (Zinn et al., 1988).glial speci®c homeodomain protein which is essential for
The largest insert, termed FL (for full-length), was then subcloneddifferentiation of the longitudinal glia and for proper con-
into pKS/ (Stratagene) and sequenced using the dideoxy methoddensation of the ventral nerve cord. Except for the glia on
(Sanger et al., 1977). This subclone contained the entire coding
the CNS midline, repo is expressed in all embryonic glia. region of biparous, starting 97 nucleotides upstream of translation
In repo mutant embryos there is a signi®cant decrease in initiation and ending 67 bases beyond the translational stop codon.
the number of glia at embryonic stage 16, whereas earlier In order to extend the sequence of the cDNA downstream toward
in embryogenesis the absence of repo has no effect on glial the polyA tail, we also screened a 4- to 6-hr embryonic cDNA
library (Novagen), and sequences downstream of nucleotide 1385number (Halter et al., 1995). Thus, repo appears not to be
in Fig. 2 are derived from three overlapping Novagen subclones.required for early aspects of glial determination. On the
Sequence in the coding region of biparous derives from bothother hand, gcm is necessary for early glial determination
strands. Restriction enzyme analysis of genomic and cDNA clonessince mutations in gcm greatly reduce the number of repo-
suggests that biparous has no introns.positive cells (Hosoya et al., 1995; Jones et al., 1995). Inter-
The biparous promoter±lacZ fusion gene was constructed byestingly, in gcm mutant embryos, cells destined to become
inserting a 6.8-kb genomic fragment into pKS/. This fragment was
glia are transformed into neurons. fused to lacZ using the unique NsiI site in the coding region of
Here, we report the identi®cation of a novel bHLH gene biparous and the PstI site in pSKS105 (Shapira et al., 1983).
expressed in both neuronal and glial precursors in Drosoph- Transgenic ¯ies were created using P-element-mediated transfor-
ila. We have named this gene biparous (bps, pronounced mation (Rubin and Spradling, 1982). At least ®ve independent pro-
moter±lacZ insertions showed the same expression pattern.bip-er-es), which means producing two offspring, based on
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In Situ Hybridization and Antibody Staining 1995). A region of Prospero capable of inducing asymmetric
segregation in a b-galactosidase fusion protein has been
In situ hybridization and antibody staining were performed as
mapped (Hirata et al., 1995), and within this region is adescribed with minor modi®cation (Patel, 1994; Tautz and Pfei¯e,
motif which shows homology to Numb, another protein1989). The probe was synthesized in an asymmetric PCR reaction
which is asymmetrically localized to the ganglion motherusing the 1.4-kb FL cDNA subcloned into pKS/ and linearized with
cell during neuroblast division (Rhyu et al., 1994). FigureHindIII as template. In some cases, an antisense RNA probe was
3B shows an alignment of the NH motif of Prospero, Bipa-used with the same results. BrdU incorporation and detection were
as described (Bodmer et al., 1989). Antisera were from the following rous, and Numb. Note that within this motif Prospero is
sources: anti-ELAV (1:1), G. Rubin; anti-REPO (RK2*, 1:1000), A. more similar to Biparous than to Numb. Further experi-
Tomlinson; anti-bgalactosidase (1:1000), Cappel; goat anti-rabbit ments will be necessary to determine if Biparous is asym-
¯uorescein (1:50) and goat anti-mouse ¯uorescein (1:50), Jackson metrically segregated.
Immunoresearch; goat anti-rat rhodamine (1:500), Molecular Different bHLH family members often display subtle dif-
Probes; anti-digoxigenin (1:1000), Boehringer-Mannheim; BP102
ferences in sequence that correlate with their cell type spe-(1:10), C. S. Goodman. Confocal microscopy was performed on a
ci®c functions. Figure 3A shows a sequence comparison ofBio-Rad MRC600 imaging head mounted on a Nikon Optiphot II
Biparous with other bHLH genes. Biparous is most similarmicroscope using 401 and 601 objectives.
to Atonal, a proneural gene involved in both eye and chordo-
tonal organ development (Jarman et al., 1995). Biparous and
Atonal share 49% identity over the bHLH domain. In addi-Drosophila Stocks
tion, position by position comparison reveals that Biparous
sc10-1 and ase1, were from Y. N. Jan; gcme1/CyO wg-lacZ was has many of the same amino acids as the proneural genes
from T. Hosoya and Y. Hotta. The homozygous gcm mutant em-
of the achaete±scute complex. For example, Biparous andbryos were identi®ed by double-labeling with a probe for BIPA-
virtually all Achaete±scute family members, includingROUS mRNA and anti-b-galactosidase.
Xenopus and murine homologs, contain an asparagine im-
mediately after the conserved RER element in the basic
domain. This position is usually occupied by other aminoRESULTS
acids in bHLH family members active in non-neuronal tis-
sues, such as Delilah, Nautilus, or Twist. However, Bipa-biparous Encodes a Novel bHLH Protein
rous also differs signi®cantly from the Achaete±scute pro-
teins. When aligned with other bHLH family members, allbiparous was originally identi®ed based on its similarity
to delilah, another bHLH gene recently characterized in Achaete±scute proteins contain a three-amino-acid gap in
the basic region, and this gap is missing from Biparous.our laboratory (Armand et al., 1994) (for more detail, see
Materials and Methods). Figure 2 shows the sequence of the Thus, while Biparous displays characteristic features that
are conserved in bHLH proteins active in the nervous sys-longest cDNA as well as the genomic and protein structure
of biparous. Although it is unclear whether this cDNA in- tem, it nevertheless differs in both sequence and expression
(see below), suggesting that it acts in a manner distinct fromcludes the transcription start site, it does contain the entire
coding region. A stop codon resides 16 nucleotides upstream previously described proneural genes.
of the ®rst in frame methionine, suggesting that the ATG
at nucleotide 98 is the site for translation initiation. In addi-
biparous Is Expressed in a Dynamic Pattern duringtion, the sequence upstream of the initiating methionine
Embryonic Neurogenesiscorresponds well to the collated consensus (Cavener and
Ray, 1991). Three mRNA instability motifs are found in To determine the expression pattern of BIPAROUS
mRNA during embryogenesis, we performed in situ hybrid-the 3* untranslated region, suggesting that the BIPAROUS
mRNA might be short-lived (Shaw and Kamen, 1986; Zubi- ization experiments. BIPAROUS mRNA is expressed in a
dynamic and complex pattern, starting at stage 10 and last-aga et al., 1995), an hypothesis which is supported by ex-
pression studies (see below). ing beyond stage 15. An important feature of biparous ex-
pression at all stages of embryogenesis is its brief durationThe predicted Biparous protein has 407 amino acids, with
the bHLH domain in the center of the protein (Fig. 2B). in select groups of cells. The earliest expression is seen at
stage 10 in 5 cells per segment, an unpaired cell on theThirty residues C-terminal to the bHLH domain, amino
acids 244±333, is a region in which 38% of the residues are midline and two pairs lateral to the midline (Fig. 4A). Based
on their large size and position in the neuroblast layer, theeither proline or glutamine. Proline/glutamine-rich regions
de®ne a major class of transcription activation domains midline cell and the pair of cells just lateral to the midline
are neuroblasts. Double-labeling of embryos for the expres-(Mitchell and Tjian, 1989). In addition, C-terminal to the
potential activation domain, starting at amino acid 349, is sion of the ENGRAILED protein and BIPAROUS mRNA
reveals that the position of the cell on the midline coincidesa region highly homologous to the NH (Numb homology)
motif of the homeobox transcription factor Prospero. Pros- with an ENGRAILED stripe, suggesting that this cell is the
median neuroblast (data not shown). Double-labeling of em-pero is expressed in neuroblasts but is differentially segre-
gated to one daughter of the neuroblast division, the gan- bryos for the expression of the wingless±lacZ gene and BIP-
AROUS mRNA reveals that the other more lateral cell isglion mother cell (Knoblich et al., 1995; Spana and Doe,
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FIG. 3. (A) Sequence comparison of bHLH proteins. The conserved asparagine in the basic domain is in boldface (see text). The location
of the degenerate primers in the bHLH region of delilah which ampli®ed biparous are underlined. (B) Comparison of the Numb homology
(NH) motif of Biparous, Prospero, and Numb.
a row 4 neuroblast, residing one cell anterior to the row 5 in clusters of cells in the ganglion mother cell layer of the
developing ventral nerve cord (Fig. 4B). The cells expressingneuroblasts which express wingless (Fig. 4A). Its position
and lateral shape suggest that it is neuroblast 4-1 (Doe, BIPAROUS mRNA at this time are distinguishable from
neuroblasts based on their location and their smaller size1992). During embryogenesis, both the median neuroblast
and neuroblast 4-1 generate solely neuronal progeny (Boss- (Fig. 4C). Although precise quantitation is dif®cult, we esti-
mate that 12±18 cells per hemisegment in the ganglioning and Technau, 1994; Bossing et al., 1996). During germ-
band extension, there is a large burst of biparous expression mother cell layer express BIPAROUS between 6 and 7 hr
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FIG. 4. biparous is expressed in a dynamic pattern during embryogenesis. In situ hybridization was performed using the method of Tautz
and Pfei¯e (Tautz and Pfei¯e, 1989). Embryos were staged according to Wieschaus and Nusslein-Volhard (Wieschaus and Nusslein-Volhard,
1986). All in situ hybridizations for BIPAROUS mRNA utilized a purple alkaline phosphatase histochemical product. (A) The median
neuroblast (arrowhead) and neuroblast 4-1 (white arrow) express BIPAROUS at early stage 11. Black arrows indicate the expression of
wingless±lacZ; the genotype of this embryo is gcme1/CyO, wg±lacZ. (B) The large burst of expression in ganglion mother cells at stage
11 throughout the developing ventral nerve cord. (C) Same as in B except showing a dissected preparation. (D) Late stage 13 embryo
showing that as development proceeds, fewer cells express BIPAROUS mRNA. (E) Double-label (brown, HRP reaction product) with an
antibody to axon tracts, BP102 (Seeger et al., 1993), in a stage 14 embryo. Arrows indicates biparous-positive cells. (F) Stage 15 expression
of biparous in two large cells per hemisegment.
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FIG. 5. biparous-positive cells express neither ELAV nor REPO but do incorporate BrdU. (A) Double-label with anti-ELAV antisera in
an early stage 11 embryo showing the exclusion of BIPAROUS from most ELAV-positive cells. Arrowheads indicate ELAV-positive cells;
arrows indicate biparous-positive cells. (B) Double-label as in A in a stage 15 embryo. The focus was adjusted to show ELAV-positive
cells as the biparous-positive cells are not in the same plane. Arrows indicate biparous-positive cells. (C, D) Same as in A and B except
using anti-REPO antiserum. C shows a late stage 11 embryo, while D is a stage 14 embryo. Arrows indicate biparous-positive cells;
arrowheads indicate REPO-positive cells. (E) Double labeling for BIPAROUS transcript (purple) and BrdU incorporation (brown). Arrow
indicates a biparous-positive cell. Arrowheads indicate doubly positive cells. A stage 14 embryo is shown.
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of development. After this large burst of expression, BIPA- tosidase immunoreactivity was observed in the position of
biparous-positive cells at stages 12 through 15, with otherROUS mRNA is restricted to progressively fewer cells (Fig.
4D). At embryonic stage 14, BIPAROUS mRNA is found phases of biparous expression absent (Figs. 6A±6C). Similar
to endogenous biparous, the expression of this transgenein cells peripheral to the longitudinal axon tracts, at the
lateral edge of the CNS (Fig. 4E). By stage 15, 2 large cells was transient. This suggests that the biparous promoter/
lacZ transgene possesses suf®cient cis-regulatory informa-per hemisegment maintains biparous expression (Fig. 4F).
tion to direct b-galactosidase expression to biparous-posi-
tive cells at stage 12 through 15.
biparous Expression Precedes Markers of Neurons To con®rm that the b-galactosidase-positive cells recapit-
and Glia and Is Found in Cells Synthesizing DNA ulate the expression of biparous, we double-labeled em-
bryos for b-galactosidase and the BIPAROUS transcript. IfTo determine whether biparous-positive cells are neu-
rons, we double-labeled embryos for the ELAV protein and the fusion gene re¯ects the endogenous biparous pattern,
one would predict that some cells would express both BIPA-the BIPAROUS transcript. ELAV is an RNA binding protein
expressed in all postmitotic neurons (Robinow and White, ROUS transcript and b-galactosidase protein as was ob-
served (Fig. 6D). In addition, b-galactosidase appears to per-1988). These experiments revealed that BIPAROUS mRNA
is largely excluded from ELAV-positive cells (Figs. 5A and sist beyond the time when the BIPAROUS transcript is no
longer detectable by in situ hybridization. The b-galactosi-5B). This is true even at stage 15 when the vast majority of
cells in the CNS have reached the postmitotic state (Fig. dase signal is observed in cells which have migrated both
medially and laterally (Fig. 6E) and this is probably a result5B) (Prokop and Technau, 1991). Further con®rmation of the
absence of BIPAROUS staining from neurons was obtained of the perdurance of the b-galactosidase protein. Alterna-
tively, the lacZ fusion gene could be missing cis-repressionusing anti-HRP antiserum, which recognizes all neurons
(Jan and Jan, 1982) (data not shown). elements necessary for turning off biparous expression and
therefore lacZ is still transcribed after the endogenous geneTo determine whether biparous-expressing cells express
the glial-speci®c gene repo, we double-labeled embryos for has been shut off. We think this possibility is unlikely since
b-galactosidase expression is only slightly more prolongedthe BIPAROUS transcript and the REPO protein. Cells ex-
press repo after they have committed to the glial cell fate. than BIPAROUS mRNA. Finally, this expression pattern
has been observed with at least ®ve independent insertions,The large burst of biparous expression in the ganglion
mother cell layer precedes most REPO expression (stage 11 demonstrating that the regulatory information contained
within the promoter is independent of chromosomal loca-vs stage 12). Later in neurogenesis when the two genes do
overlap, most biparous-positive cells are REPO negative tion.
We also observed that the anti-b-galactosidase staining is(Fig. 5C and 5D). However, close inspection of these em-
bryos shows that a biparous-positive cell is sometimes di- nuclear. Since the lacZ gene used in the biparous promoter
construct encodes a cytoplasmic protein, this result indi-rectly apposed to a REPO-positive cell. Therefore, we can
not exclude the possibility that in some cases expression of cates that the N-terminal portion of Biparous is able to
direct nuclear localization. Ten residues N-terminal to thethe two genes might overlap for a very short time in the
same cell. fusion point is a sequence, KRFRR, which conforms well
to the canonical nuclear localization sequence, KKRKSince biparous-positive cells express neither elav nor
repo, it is possible that they are not yet postmitotic. To (Dingwall and Laskey, 1991), suggesting that it may be re-
sponsible for nuclear localization (Fig. 6F).determine whether biparous-positive cells are synthesizing
DNA, we labeled embryos with bromodeoxyuridine (BrdU). Since the b-galactosidase signal persisted longer than the
BIPAROUS transcript, we examined whether the b-galac-Figure 5D shows that some biparous-positive cells also in-
corporate BrdU. This demonstrates that biparous-positive tosidase-positive cells express either neuronal or glial mark-
ers. When stage 12 embryos were costained with antisera tocells are synthesizing DNA, suggesting that they are progen-
itor cells that give rise to neurons and/or glia. REPO and b-galactosidase, some cells were clearly double-
labeled (Fig. 7A). In this region, repo is expressed in the
segmental nerve glia, the intersegmental nerve glia, and the
Lineage Analysis Using a biparous±lacZ Fusion exit glia (Campbell et al., 1994; Halter et al., 1995; Xiong
Gene et al., 1994). These three sets of glia are all lateral to the
longitudinal connectives, with the segmental and interseg-To follow the fate of the biparous-expressing cells, we
constructed a fusion gene in which 5.5 kb of the biparous mental glia associated with their respective nerve tracts and
the exit glia located at the boundary between the CNS andpromoter drives expression of lacZ. We reasoned that perdu-
rance of b-galactosidase would permit observation of cells PNS (Ito et al., 1995; KlaÈmbt and Goodman, 1991). Since
the double-labeled cells may have not reached their ®nalwhich had turned on biparous even after disappearance of
the transcript. The promoter fragment used in this experi- destination, it is not evident which of these three groups of
glia are double-labeled. Nevertheless, since repo is a glial-ment included 166 N-terminal amino acids of Biparous (Fig.
6F). Staining of these embryos for b-galactosidase immuno- speci®c gene, the colocalization provides evidence that the
biparous gene is transcribed in precursor cells that generatereactivity revealed a recapitulation of part of the late expres-
sion pattern of endogenous biparous. Speci®cally, b-galac- glial progeny. To determine whether b-galactosidase pro-
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tein is also expressed in neurons, we double-labeled em- Since the expression of biparous is transient, we followed
the fate of the biparous-expressing cells using a promoter±bryos for ELAV and b-galactosidase. Figure 7B shows that
some cells simultaneously express both proteins. This lacZ fusion gene. These experiments showed that b-galac-
tosidase can be detected in both neurons and glia. In theseshows that the biparous promoter is also activated in neu-
ronal precursors. studies, we also observed cells which express b-galactosi-
dase but not REPO and conversely, cells which express b-
galactosidase but not ELAV. The simplest interpretation of
biparous Expression in Glial and Neuronal these data is that the biparous-positive cells are premitotic
Mutants and can generate both glial and neuronal progeny.
The sequence of Biparous also reveals novel features. TheSince biparous is expressed in glial precursors, we wanted
to determine its relationship to gcm, a gene required for bHLH domain of bHLH proteins mediates both DNA bind-
ing and dimerization, the two crucial functions for thesenormal glial development. Both biparous and gcm are ex-
pressed relatively early during CNS development, with both transcription factors, and consequently it is highly con-
served throughout evolution. For example, the vertebrategenes turned on before many neuronal and glial progenitors
have completed their ®nal mitosis. Nevertheless, it is im- myogenic factors retain more than 80% amino acid similar-
ity with the bHLH domain of Nautilus, their counterpartportant to note that the large burst of BIPAROUS mRNA
expression in the ganglion mother cell layer precedes most in Drosophila (Michelson et al., 1990). Outside of the bHLH
domain, there are no extended regions of homology betweengcm expression (stage 11 vs stage 12). This sequence of ex-
pression is consistent with biparous being upstream of gcm similar bHLH genes. The bHLH domain of Biparous displays
characteristic residues found in bHLH genes active in cellsin gliogenesis. In support of this hypothesis, the pattern of
biparous expression is unchanged in gcm mutant embryos of the nervous system, including Atonal and the genes of the
achaete±scute complex. However, there are several salient(data not shown).
Since BIPAROUS mRNA is expressed relatively early in differences between Biparous and the proneural genes, par-
ticularly in the basic domain. For example, Biparous doesneurogenesis, it is also possible that it is a downstream
target of the proneural genes of the achaete±scute complex. not have the contracted basic domain found in all achaete±
scute proteins. Given that residues in the basic domainTo determine the effect of these genes on biparous expres-
sion, we performed in situ hybridization experiments in contact DNA (Ferre-D'Amare et al., 1993; Ma et al., 1994),
it is likely that the E-box target sequence that Biparousachaete±scute mutant backgrounds. We found that remov-
ing asense or achaete and scute has no effect on the pattern recognizes will differ from the proximal proneural response
element, the specialized target found in several genes regu-of BIPAROUS mRNA (data not shown).
lated by achaete and scute (Singson et al., 1994). Finally,
biparous has an NH (Numb homology) motif in its C-termi-
nus (Fig. 3B), suggesting that it might be differentially segre-DISCUSSION
gated during cell division. If this were so, it would provide
a simple mechanism to restrict biparous activity to oneWe have identi®ed a novel bHLH gene with unique char-
acteristics. biparous is unusual in that it is expressed tran- type of cell in an asymmetric mitosis. To our knowledge,
this is the only example of a bHLH transcription factorsiently in both neuronal and glial precursors. Biparous is
expressed in Neuroblast 4-1 and the median neuroblast and possessing a motif implicated in asymmetric division.
To test the effect of ectopic expression of biparous wethe embryonic progeny of these cells include only neurons
(Bossing et al., 1996; Bossing and Technau, 1994). Con- have performed preliminary experiments using both the
GAL4-UAS system and heat shock-induced overexpression.versely, it is clear from embryos carrying a biparous/lacZ
promoter fusion gene that the progeny of biparous-positive Since cell-type-speci®c bHLH proteins frequently work in
combination with Daughterless, Gal-4 mediated ectopic ex-cells include glia. Thus, whatever role biparous plays in the
differentiation of neurons and glia, it is unique in being pression was also performed simultaneously overexpressing
both Daughterless and Biparous. Despite using variousexpressed in both types of precursors.
Due to its ephemeral expression, we have been unable GAL4 lines and heat shocks at many different stages of
embryonic development, we have not observed an obviousto consistently localize BIPAROUS mRNA to other glial
precursors using enhancer trap lines which label subsets of change in the number of glia or neurons as assayed by anti-
REPO and anti-ELAV antisera. There are several possibleglia (e.g., P101, Udolph et al., 1993). In the enhancer trap
embryos, the BIPAROUS mRNA was extinguished before reasons why ectopic expression has no apparent effect. It is
possible that another as yet unidenti®ed cofactor may bethe onset of the glial markers. Thus, as with repo, biparous
expression precedes the onset of established glial markers. necessary for proper cell fate speci®cation, as has been re-
cently demonstrated in the myogenic lineage in which theSimilarly, BIPAROUS mRNA is generally excluded from
postmitotic neurons that express elav. These results are Mef2 proteins associate with E12/myogenin heterodimers
(Molkentin et al., 1995). Alternatively, the activity of bipa-consistent with the fact that some of the biparous-positive
cells are still synthesizing DNA as cells engaged in mitosis rous may only be manifested in a set of cells that have a
restricted developmental potential.would not be expected to express genes characteristic of
terminal differentiation. biparous expression persists in gcm mutants, indicating
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FIG. 6. Expression pattern of a biparous promoter±lacZ fusion gene and double-label of BIPAROUS mRNA and b-galactosidase immuno-
reactivity. Anti-b-galactosidase immunoreactivity in (A) stage 12, (B) stage 13, and (C) stage 15. Arrows indicate b-galactosidase-positive
cells. (D, E) Double-label of BIPAROUS mRNA and b-galactosidase immunoreactivity. (D) A stage 12 embryo. Arrowheads show purple
alkaline phosphatase reaction product (BIPAROUS mRNA) surrounding the brown HRP reaction product in the nucleus (b-galactosidase).
(E) A stage 13 embryo showing the perdurance of the b-galactosidase signal lateral (arrows) and medial (arrowheads) to biparous-positive
cells. (F) Structure of the biparous promoter±lacZ fusion gene showing the sequence in the basic region containing a canonical nuclear
localization signal.
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FIG. 7. Expression of b-galactosidase in REPO- and ELAV-positive cells. (A) Confocal ¯uorescence micrograph of a stage 12 embryo
showing REPO and b-galactosidase double-stained cells (yellow signal, arrows). Cells expressing only b-galactosidase (green, arrowhead)
or only REPO (red, arrowhead) are also present. (B) Same as in A except using an anti-ELAV antiserum (red). Removal of either primary
antisera reduced signal to background levels indicating no cross-reactivity of the secondary antiserum (A and B).
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that gcm is not required for biparous expression. Since gcm restricted expression pattern, one potential role for biparous
would be to specify unique characteristics of individual lin-has been shown to be necessary for the proper development
of all glia except the midline glia, the persistence of bipa- eages of neurons and glia. This hypothesis is supported by the
contrasting expression pattern of two other bHLH genes inrous expression in gcm mutants suggests either that bipa-
rous is upstream of gcm or that it works in a parallel path- the CNS, asense and deadpan. Asense is the last member of
the achaete±scute complex to be activated and it is expressedway. Since some biparous expression precedes the appear-
ance of gcm, these data raise the possibility that biparous in all neuronal precursors and some of their ganglion mother
cell progeny (Brand et al., 1993). As opposed to selecting neuro-might be upstream of gcm. However, overexpression of Bip-
arous does not affect expression of gcm (data not shown) blasts from proneural clusters, asense appears to play a role
in the development of neuronal precursors and thus functionsimplying that Biparous alone is not suf®cient to regulate
gcm and lending support for the two genes residing in sepa- later than the other members of the achaete±scute complex.
Deadpan also is universally expressed in neuronal precursorsrate, perhaps parallel pathways.
It is worth noting that the existence of more than one (Bier et al., 1992). Deadpan mutant embryos show no obvious
defects in the CNS whereas embryos mutant for both deadpanbiochemical pathway leading to glial differentiation would
not be unexpected. In general, several pathways control dif- and scratch, a zinc ®nger gene, have fewer neurons (Roark et
al., 1995). If biparous activates genes necessary for the identityferent aspects of the differentiation of a single cell type. For
example, in the muscle cell lineage, no single myogenic of individual neurons and glia, it would be unusual in that
the action of other neuronal bHLH genes in Drosophila tendsfactor controls expression of all myogenic genes (for a recent
review see Olson et al., 1995). In this respect, the differential to be generalized to all developing neurons, as for example
with deadpan and asense. Identi®cation of Drosophila strainseffects of removing glia as a result of a mutation at the gcm
locus as compared to removing glia via toxin ablation is lacking biparous should clarify whether speci®c characteris-
tics of individual neuronal and glial lineages are affected byrelevant. When the longitudinal glia are ablated using toxin
expression, the longitudinal axon tracts of the CNS are radi- its absence.
cally impaired, frequently exhibiting segments in which the
tracts are absent (Hidalgo et al., 1995). In gcm mutants, the
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